Three dimensional (3D) modeling and visualization of the brain fusion images on the World Wide Web (WWW) is an effective way of sharing anatomic and functional information of the brain over the Internet, particularly for morphometry-based research and resident training in neuroradiology and neurosurgery. In this paper, 3D modeling, visualization, dynamic manipulation techniques, and the localization techniques for obtaining distance measurements of the inside and outside of the brain are integrated in an interactive and platform-independent manner and implemented over the WWW. The T 1 weighted-and diffusion-weighted MR data of a stroke case which forms the subject of this study were digitally segmented, and used to visualize VRML-fused models in the form of polygonal surfaces based on the marching cube algorithm. Also, 2D cross sectional images were sequentially displayed for the purpose of 3D volume rendering, and user interface tools were embedded with ECMA script routines for the purpose of setting the appearance and transparency of the 3D objects. Finally, a 3D measurement tool was built in order to determine the spatial positions and sizes of the 3D objects.
INTRODUCTION
In an attempt to achieve a more accurate diagnosis and therapy, and to obtain more information about brain disease, a proper understanding of the three-dimensional (3D) structure of the brain is needed. Moreover, since the number of Internet users is increasing rapidly, and the image information that medical students and doctors require is also becoming more complex, a means of communicating this information interactively on the WWW is increasingly needed. Computer graphics play a decisive role when dealing with visual information, because of the inherent possibility of visualizing large quantities of high quality data in an interactive manner. In particular, the World Wide Web (WWW) allows a variety of 3D resources to be retrieved in a common way by means of the standardized virtual reality modeling language (VRML) 1 , which is a platform independent and portable file format. VRML is a language used for describing interactive 3D objects on the WWW, which can provide intuitive information as efficiently as HTML describes hypertext pages. This allows hyper-links to the other VRML worlds or to other media, such as hypertext, sounds and animation. In addition, VRML is profoundly integrated with the Java 2 and Java script 3 languages, which are attracting increasing attention in medical training and education 4, 5 , due to their dynamic visualization capabilities.
New neuroprotective therapies are being developed to treat acute ischemic infarction. Although these therapies may salvage ischemic but viable tissue, they are associated with various risks such as intra cranial hemorrhage. In order to use these therapies appropriately, it is important to correctly distinguish between the various ischemic tissue therapies appropriately, as well as between ischemic tissue that is likely to infarct without intervention and that which is ischemic but will survive despite hypoperfusion. Recently, a new echo-planar diffusion-weighted imaging technique has become available, which is improving our ability to evaluate acute stroke. This diffusion-weighted imaging technique measures the restriction of water movement associated with cytotoxic edema and is sensitive to ischemia within minutes after onset. A lesion depicted on a diffusion-weighted image is associated with a decrease in Na + K + -ATPase activity and energy failure and in most cases, in the absence of thrombolysis, is considered to represent the irreversible ischemic core. [6] [7] [8] [9] Diffusion-weighted abnormalities can be overlaid onto a 2D or 3D rendering of anatomic magnetic resonance imaging (MRI) scans, and displayed on a computer workstation or a personal computer, by means of an image registration technique which enables anatomic MR and diffusion-weighted MR images to be combined. To the best of our knowledge, the web-based interactive visualization of a 3D fusion model, combining anatomic MR and diffusionweighted MR images, has not yet been reported. This interactive visualization and localization of a fused brain model on the WWW, based on a simple registration technique and VRML, will provide new discernment into the spatial relationship between the 3D anatomic structure and the ischemic core of the brain.
MATHODOLOGY AND DATA
2.1 Materials T 1 -weighted MR imaging was performed on a stroke patient with a 128 2 data matrix a 5
㎜ section thickness on a 1.5 Tesla machine (Intera, Philips Medical Systems, Andover, Massachusetts) for 20 axial slices. Diffusion-weighted MR images were obtained with the same data matrix, scan thickness, and axial slice number as that used for the T 1 -weighted MR images.
Image reconstruction
The T 1 -weighted MR axial images were reconstructed to provide coronal and sagittal images, using a PC-based workstation with the image analysis software packages, Analyze 3.0 and Analyze/AVW (Biomedical Imaging Resource, Mayo Clinic Foundation, Rochester, MN, USA) 10 , respectively.
Image registration
The T 1 -weighted MR volume images were registered with the diffusion-weighted MR volume images on the PC-based workstation using Analyze software.
Image segmentation and 3D surface rendering
Three anatomic cerebral tissue compartments (gray matter (GM), white matter (WM), and the ventricular cerebrospinal fluid (CSF) except for the extracerebral CSF) on the T 1 -weighted MR axial images, and the diffusion weighted abnormalities were segmented using a semi-automatic technique that involved tracing the regions, which were defined by threshold ranges of pixel intensity (0 to 255, unsigned 8-bits). Manual correction was performed in the case of unsatisfactory segmentation. The borders of the segmented volumes of interest were saved as object maps. The object maps were separately loaded onto the T 1 -weighted and the diffusion-weighted MR volume images in order to fix the boundary for 3D surface rendering. 3D polygonal surfaces were rendered by means of the marching cube algorithm and exported to VRML 1.0 file format.
Polygon reduction
Each VRML model was imported into 3D Studio Max Release 3.1 software (Autodesk Inc., USA) 11 . Mesh smoothing was applied to each original VRML surface for the purpose of smoothing any artifacts created due to differences in the slice thickness between the 2D MR axial images. An optimization modifier was applied to each smoothed VRML model, in order to reduce the number of polygons and to improve the navigation performance when using the VRML browser, because the significant limiting factor for web-based 3D visualization is the bandwidth of the WWW, and file size dictates the download performance and the speed of the VRML browser on the WWW. The polygons were reduced iteratively until a reasonable trade-off between image quality and the number of polygons was achieved. The reduced VRML models were exported to VRML 2.0/97 file format, which allows more advanced programming techniques to be used.
Supporting for a 3D measurement tool
A 3D rectangular coordinate system was used to describe the sizes and the locations of each VRML model. First of all, the line profiles 10 which show the real lengths from one point to another on the x and y axes of the 2D MR axial images were acquired in Analyze software. The maximum lengths of the x and the y axis on the T 1 -weighted MR images were . A bounding box was made in order to produce the guideline for the 3D measurement tool that is used for the localization of the VRML models in this study. This bounding box was segmented by all of the square boundaries which enclose the 2D MR axial images, and was exported to VRML 1.0 file format.
The VRML bounding box was imported into the 3D Studio Max software. The axis of the box, which was parallel to and in contacted with one of the sides on the surfaces of the VRML bounding box was designed as the axial component for the 3D measurement tool, and was copied and orthogonally pasted twice for the purpose of generating the remaining axes. (Fig 1) The box axes were all the same length and corresponded to x, y, and z axis consisting of a 3D measurement tool, respectively. The origin of the box axes was taken to be the lower apex at the right of the 2D MR axial images, as determined from the viewpoint of an observer. The VRML bounding box was deleted. The box axes were grouped into a single object and exported to VRML 2.0/97 file format. Fig. 1 . Make of box axes. The axis of the box, which was parallel to and in contacted with one of the sides on the surfaces of the bounding box was designed as the axial component for the 3D measurement tool, and was copied and orthogonally pasted twice for the purpose of generating the remaining axes.
An image window whose width was 198.44 ㎜ was opened to obtain scale images incorporating of a 3D measurement tool in Adobe Photoshop 6.0 software (Adobe systems Inc., USA). The scales were shown with 2 ㎜ divisions were shown on the image canvas. These scale images were captured on the screen using Capture Express version 1.1 shareware software (Insight Software Solutions Inc., USA), and saved in GIF file format.
2.7
Visualization on the web VRML 2.0/97 with Java script was chosen to support the 3D visualization in addition to the platform-independent development of the fused brain models on the WWW. The codes pertaining to all of the VRML models read using the VRML Pad version 2.0 (Parallel Graphics Inc. Ireland), a VRML programming editor, including the box axes. The crease angle filed in the indexed face set node 1 was added to be consistent with the VRML 2.0/97 format and to generate smoother display by rounding off the sharp edges of the VRML models. The 2D planes which intersected the VRML models vertically on each watch of the rectangular axes in 3D space were made using the indexed face set node and were equal in size to the previously acquired T 1 -weighted MR axial, coronal, and sagittal images. The number of the 2D planes was 32 slices on x-(sagittal direction), y-(coronal direction), and z-axis (axial direction) for the stroke data. In order to express the anatomic sections of the VRML surface models, the T 1 -weighted MR axial, coronal, and sagittal images were wrapped on their corresponding 2D planes by elastic texture-mapping 1 , and the scale images which had been saved in the form of GIF files were wrapped on the rectangular box axes, and finally a 3D measurement tool was created for the purpose of measuring the sizes of the VRML models and the distances between them for the stroke cases.
Manipulation on the web
The user interface tools include four cubes, four sliding bars, and three disks, which were embedded into the VRML 2.0/97 file with Java script routines in order to interactively manipulate the VRML models on the WWW, are as follows:
• Four cubes: use for setting the appearances of all of the VRML models (GM, WM, CSF, and diffusion-weighted abnormality); • Four sliding bars: used for setting the transparency of all of the VRML models except for the 3D measurement tool; • Three disks: used for sliding and moving along in line with each axis of the 3D measurement tool and for guiding the texture-mapped T 1 -weighted MR images in the section locations of the VRML models. Text objects 1 containing descriptions were also generated by the user's interaction, which contained descriptions and were immediately displayed on the VRML browser.
Localization
Two experienced clinical doctors in the department of diagnostic radiology localized the infarction core, which was used to estimate the diffusion-weighted MR images. The location of the infarction core was determined to be in the middle-cerebral artery (MCA) of the left temporal lobe by means of the diffusion-weighted MR images.
RESULTS
When all data had been were transmitted through the Internet, the web browser activated a VRML plug-in (Cosmo Player 2.1, Computer Associates Inc., USA), which was used to interact with a VRML object. Due to the limited bandwidth of the WWW, the embodiment performance depended both on the download time, which was related to the file size, and the navigation speed, which was associated with the complexity of the models. The complexity was also related to the file size. Table 1 shows the number of vertices and faces including all the VRML anatomic and functional surface models for each patient's data, the VRML file sizes, the file sizes of the texture-mapped MR and the scale ruler images, and the download times of the VRML fusion model, including the 3D measurement tool and user interface tools. This subjective estimation was performed on a Pentium 1.7 ㎓ PC (Magic Station CP10, Samsung Electronics Inc., Korea) with a 10-Mbit/s Ethernet connection. Although downloading a large VRML file was somewhat slow, changes in the viewpoint and navigation speed were accomplished at the expense of the display quality. A staircase artifact caused differences in the slice thicknesses appeared in the VRML models. However, the sharp edges were successfully rounded off, by applying the mesh smoothing function available in the 3D Studio Max software and by adding a crease angle field 1 in the indexed face set node. The models, in which the polygons were reduced with the help of the optimization modifier, were well displayed on the VRML browser, without any serious visual distortion. The user interface tools were activated by means of active icons (cubes, sliding bars, and disks), which allowed the user to navigate throughout the brain on the WWW using the VRML browser. The object that the user wished to observe was displayed on the screen electively by means of the cubes. In addition, the anatomic surface geometries of the brain, and the 3D distributions of the activation regions could be observed simultaneously when the transparency of the VRML models was controlled by sliding bars. When the location of the disks on the 3D measurement tool was moved, the texture-mapped MR images were sequentially displayed. The anatomic structures corresponding to the infarction core could be confirmed through the T 1 -weighted MR sectional images that intersected the VRML models. Table 1 shows the number of vertices and faces including all the VRML anatomic and functional surface models for the stroke patient data, the VRML file sizes, the file sizes of the texture-mapped MR and the scale ruler images, and the download times of the VRML fusion model including the 3D measurement tool and user interface tools. Figure 2 shows the component parts (from left upside, CSF, WM, GM, diffusion-weighted abnormality) of the VRML fusion model on the stroke patient data. Figure 3 shows a screenshot of the VRML fusion model portraying the axial, coronal and sagittal views of the stroke patient data. The transparency setting of the shaded anatomic surfaces of the brain allowed the user to observe the brain geometries as well as the 3D shapes and distributions of the diffusion abnormalities. The interactive exploration of this VRML fusion model around all the visual points was possible using the VRML plug-in. Figure 4 shows the localization of the infarction core, as determined using the 3D measurement tool on the stroke patient data. The anatomy corresponding to the infarction core was able to be confirmed by means of the T1-weighted MR sectional images crossing the 3D surface models.
Table1. Numbers of vertices and faces, VRML file size, file size of texture-mapped images, and download time of a brain fusion model as a function of the optimization modifier used for the polygon reduction. Fig. 3 . Screenshot of the VRML fusion model portraying the axial, coronal and sagittal views of the stroke patient's data. Fig. 4 . Localization of the infarction core, as determined using the 3D measurement tool on the stroke patient data. The anatomy corresponding to the infarction core was able to be confirmed by means of the T1-weighted MR sectional images crossing the 3D surface models.
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DISCUSSION
In order to make a correct appropriate diagnosis and prescribe appropriate treatment, clinicians need to understand the 3D anatomic structure and functional distribution. Computer vision, virtual reality and web technologies can provide clinically relevant information. This report presents a new application using image processing techniques such as SISCOM, segmentation and surface rendering, and web technologies such as VRML and Java script programming to assist in the diagnosis and pre-surgical measurements of 3D fusion structures.
The VRML application described in this study has several advantages. First, the display of the 3D anatomic and functional models can be accomplished in a fused form on the WWW and can be controlled through the VRML plug-in and the active user interface tools. Therefore, interactive analysis of the 3D models is possible through the Internet. Second, the anatomic structure corresponding to the diffusion abnormality was able to be confirmed in connection with the texture-mapped MR images. The axial, coronal, and sagittal anatomies that intersected each other orthogonally could be sequentially observed by clicking and dragging along the disks onto the 3D measurement tool. Texture mapping of the MR images was helpful for overcoming the limitation of the surface rendering of VRML, which could not express all the anatomic structures of the brain. Third, the vector analysis of the VRML surface models was able to be performed using the 3D measurement tool. The distances to be measured were identified by clicking and dragging the disks to the required locations using the mouse in the browser window, and the location of the disks and their associated texture-mapped MR images could be visually confirmed on the scale ruler of the 3D measurement tool, without requiring an off-line calculation or post-processing.
The visualization and localization techniques used in this study have some limitations, and need to be improved in order to reduce the staircase artifacts of the VRML surfaces and, ideally, to display them almost in the form of the original. However, increasing the number of slices increases the time delay when performing the image segmentation and can lead to computational overload when rendering the VRML model, as well as to a reduction in the number of the polygons as a result of the file size and complexity. More flexible and powerful PC graphics accelerator boards are required to improve the 3D rendering as well as the compression speed. Second, the segmentation of the brain images was done semi-automatically as the volume of interest differentiation (GM, WM, CSF, and diffusion-weighted abnormality) in this study. An automatic procedure for well-defined tasks needs to be developed, based on detailed knowledge of the associated model, which may include knowledge of the associated model, which may include imaging physics and the characteristics of the object to be segmented. Third, surveying the sizes and locations of the VRML models using the 3D measurement tool is based on scale images in units of 1 ㎜ units. Therefore, the 3D measurement tool could not indicate the ㎛ unit shown in the line profile function of the Analyze software. This image-based measurement tool could not indicate the detailed location due to limitations in the visual field and image resolution. In addition, the angle with respect to a desired location could not be measured, because the image-based measurement tool supported only rectangular coordinate analysis, and the distance from one location to another could not be measured directly at the same time as the angle, due to the fixed origin of the image-based measurement tool. Accordingly, for a faster, more accurate, and detailed location measurement, the coding algorithms need to be developed, which can be used to compute and print the angle from one location to another, as well as the distance in 3D space on the browser window.
This study established guidelines for the visualization of a VRML fusion image and its localization using the 3D measurement tool on the WWW. Although the 3D fusion image was represented along with the images of one stroke patient, our VRML fusion rendering procedure is a consistent method which can also applied to VRML fusion rendering in the case of other disease cases. Only the compression of the texture mapped MR planar images was not considered in this study. If a still image compression algorithm such as JPEG (Joint Photographic Experts Group) or JPEG2000 12 is applied to the texture mapped MR images, the data used for rendering the VRML scene will be more highly compressed and, therefore, be able to be transferred through the Internet faster. It is true that somewhat complex procedures were necessary so much so that specific software has to be used for rendering the VRML fusion model in the experimental procedure. However, this study showed the advantages of an online computer system, in which a web page, which was originally embodied by VRML combined with Java script, could be used freely accessed in a multiuser environment without the need to install licensed software.
CONCLUSION
In conclusion, a new VRML application which provides for 3D fusion imaging on the WWW was introduced. Webbased 3D fusion imaging might have the potential to revolutionize the way in which the services related to scientific research, clinical diagnosis, and the therapeutic decision-making are delivered in addition to providing preclinical education surpassing the existing 3D anatomic imaging techniques. This technique would be also applicable to webbased 3D modeling of other types of disease.
